Summary. The sorption of Eu(III) and actinide ions in various oxidation states from nitric acid solutions by an extraction chromatography resin containing 1 wt. % of the Kläui ligand Cp
Introduction
Recently, there has been increased interest in automating radiochemical methods for determining a variety of analytes important to the nuclear enterprise [1] . Detecting actinides at low levels in environmental samples -both by radiometric and mass-spectrometric techniques -often requires time-consuming wet chemical methods to separate and preconcentrate the actinide analytes of interest. In many cases, *Author for correspondence (E-mail gregg.lumetta@pnl.gov).
critical steps in these analytical processes (e.g., precipitation steps), are difficult to automate. Replacement of these steps by chromatographic separations would greatly enhance the ability to automate actinide analytical procedures. There has been significant progress over the last 15 years in developing chromatographic media for radiochemical separations, most of which has been based on extraction chromatography [2] . The extraction chromatography media generally consist of an inert macroreticular resin that is impregnated with a ligand that selectively binds the analyte of interest. Thus, developing ligands that are highly selective for specific actinide ions is an important aspect of designing advanced automated techniques for actinide analysis.
Actinide ions are generally classified as hard ions, forming stable complexes with hard donor atoms such as oxygen. This fact is of technological importance in that oxygencontaining ligands are used as extractants for separating the actinide elements. Among these separating agents are neutral extractants, such as tributyl phosphate (TBP), and acidic extractants, such as di-2-ethylhexylphosphoric acid (HDEHP) [3] . The former provides the basis for the plutonium and uranium extraction (PUREX) process, which is the world-wide standard for nuclear fuel reprocessing. The latter has found a variety of uses in the nuclear industry, including the separation of trivalent actinides from the lanthanides [4] and in radioanalytical separations in the form of the Ln Resin (marketed by Eichrom Technologies, LLC, Darien, Illinois). Related to these are the anionic chelates CpCo[P(O)(OR) 2 ] 3 − (Cp = cyclopentadienyl, R = CH 3 or C 2 H 5 ), which were first discovered by Harder, Dubler, and Werner [5] and then studied in detail by Kläui and coworkers [6] [7] [8] [9] [10] [11] . This class of ligands is commonly referred to as "Kläui ligands".
The Kläui ligands are related to TBP and HDEHP in that one -O n Bu fragment on TBP, or the -OH group on the HDEHP molecule, is replaced by the Co center as illustrated in Scheme 1. The Kläui ligands typically form coordination complexes as tripodal chelates involving the three terminal oxygens of the phosphonates. It has been demonstrated that Kläui ligands form complexes with lanthanides and yttrium [12] [13] [14] [15] [16] [17] [18] [19] and actinides [20] [21] [22] , and related structural information in the solid state has been obtained.
By analogy to TBP and HDEHP, we hypothesized that the Kläui ligands would have application in actinide separations. This hypothesis has proved to be true. We have previously demonstrated that extraction chromatographic resins Scheme 1. R = an alkyl group; R = −P(O)(OR) 2 fragment; R = an alkyl group or H.
Scheme 2.
containing Kläui [23, 24] . On the other hand, the affinity of these resins for americium(III) is very high at low HNO 3 concentrations, but drops rapidly with increasing HNO 3 concentration. This pattern is similar to what is observed in the extraction of Pu(IV) and Am(III) by HDEHP [25] .
In this work, we have extended our investigation of the Kläui ligand resins to include detailed examination of their affinity towards the following ions: Eu(III), Am(III), Pu(III), Pu(IV), Np(IV), Np(V), Np(VI), Pu(VI), and U(VI). We were particularly interested in the behavior of the hexavalent actinides because it was hypothesized that the tripodal nature of Kläui ligands would lead to steric resistance of the ligand to the linear AnO 2 2+ ions (and relatively low affinity of the Kläui ligand resins for these ions). Because these investigations were conducted in strongly acidic media, a full understanding of these chemical systems requires understanding the acid-base properties of the Kläui ligands (which are initially present as the sodium salt). We have investigated the protonation of ligand 1a in aqueous solution and report the results here. To our knowledge, this is the first reported quantitative investigation of the protonation of a Kläui ligand. Complexation constants for 1a with Am(III), Pu(IV), and Pu(VI) in a mixed solvent system (50 vol. % methanol in carbon tetrachloride) were also determined in an attempt to correlate the binding affinities to the observed selectivity of the Kläui resin. It was not possible to determine the analogous binding constants for Np(V) because of reduction to Np(IV) during the complexation measurement.
Experimental

General
The Kläui ligands 1a and 1c were prepared as reported elsewhere [24] . The preparation of the resin containing ligand 1c (1.0 wt. %) on Amberlite ® XAD-7HP was previously described [23] ; this is referred to as the "1c-resin" throughout this manuscript. Americium-241 was procured from Isotope Products Laboratories (Valencia, California). Plutonium-239, 240, 233 U, and 237 Np were obtained from existing Pacific Northwest National Laboratory stocks. The non-radioactive Eu(III) solution of known concentration was prepared and spiked with a trace amount of 155 Eu(III) procured from Isotope Products Laboratories. A stock nitric acid solution was standardized by titration with NaOH and was used to prepare the metal ion solutions.
Preparation of actinide stock solutions
The stock 233 U(VI) was prepared by dissolving 233 U 3 O 8 in concentrated HNO 3 , followed by completely evaporating the solvent and dissolving the residue in 1 M HNO 3 . The total uranium concentration was determined by analyzing the optical absorbance peak of U(VI) at 414.1 nm (ε = 8.3 M −1 cm −1 ). The contribution from admixtures of transuranium elements to the specific alpha activity of this sample was less than 5%.
The 237 Np(VI) solution was prepared by oxidizing a solution containing a mixture of Np(IV) and Np(V) in hot concentrated HNO 3 followed by completely evaporating the acid and dissolving the NpO 2 (NO 3 ) 2 in 1 M HNO 3 . The Np in the resulting solution was spectrophotometrically determined to be greater than 98% Np(VI). The 237 Np(V) was prepared by carefully reducing Np(VI) using a controlled amount of hydrazine nitrate in 0.1 M HNO 3 . The Np(V) concentration was determined spectrophometrically by its optical absorbance peak at 617 nm (ε = 22 M −1 cm −1 ); the valence purity was better than 97%. The stock 237 Np(IV) solution was prepared by reducing Np(V) with NH 2 NH 2 ·HNO 3 in 4 M HNO 3 at 95
• C. The valence purity of the product was better than 98% based on ultraviolet-visible (UV-vis) spectrophotometric measurements. The contribution from Pu isotopes to the specific alpha activity of the Np solutions was less than 5%.
The 239,240 Pu(IV) working solution was prepared by an 85-fold dilution of an in-house 0.9 M Pu(IV) stock solution stored in approximately 4 M HNO 3 into 4.0 M nitric acid. The Pu(IV) concentration in the main stock solution was determined spectrophotometrically by the absorbance of the peak at 476 nm (ε = 80.3 M −1 cm −1 ) after dilution in 2.2 M HNO 3 . Measurement of the visible spectrum also indicated greater than 99% Pu(IV) in the working solution. The 239,240 Pu(III) solution was prepared by reducing the Pu(IV) with a 10-fold excess of NH 2 OH·HNO 3 in 0.3 M HNO 3 . The valence purity of the resulting Pu(III) solution greater than 98%. The 239,240 Pu(VI) solution was prepared by oxidizing Pu(IV) in 1 M HNO 3 under reflux at near boiling temperature. The Pu(VI) concentration was calculated based on the amount of Pu(IV) taken for oxidation, and visible spectroscopy indicated a valence purity of greater than 99%.
Protonation studies and data treatment
Initial 0.093 mM 1a solutions in 0.001 to 0.005 M HClO 4 and 1 to 6 M NaClO 4 were titrated with small increments of 0.037 M acetate buffer solution with a pH of 4.8. The UVvis spectrum was recorded after each addition. In most of the titration experiments, the isosbestic points at 242 and 263 nm (Fig. 1) , clearly observed at low pH, were found to dissipate at higher pH because of a progressive decline in the red-shifted peak intensity. This effect was most likely attributed to the partial precipitation (or sorption onto the cuvette walls) of the deprotonated form of the ligand, which has limited aqueous solubility. For this reason, the computer fitting of the spectral data -which requires exact knowledge of the total ligand concentration at each step of titrationwas not applied.
Instead, the protonation constants were estimated using a semi-quantitative treatment. One spectrum from each spectral set with the wavelength maximum position closest to the (257 + 266)/2 = 261.5 nm value was identified, and the pcH (the thermodynamic pH = − log[H + ]) value of this solution was accepted as the best estimate of the pK a value of the ligand using the Henderson-Hasselbalch equation
). This treatment is based on the assumption that, for the spectrum with wavelength maximum at half-distance between the spectral features of L − and HL, the ratio of deprotonated-to-protonated ligand concentrations is close to unity, and for these conditions, the pK a is equal to the respective pcH. For each ionic strength, the measured pH m values (i.e., the direct reading from the pH meter) were converted to the thermodynamic pH values by application of the electrode calibration line: pcH = mpH m + b, where m is the slope of the calibration line (1.00 for all calibration lines recorded), and b is the intercept [26] . The uncertainties of the pK a values obtained using this procedure were estimated to be ±0.15 log units based on the replicate measurements. Exceptions to this approach were made for the ligand protonation experiments at ionic strengths of 1 and 2 M, where the ligand could only be significantly protonated at much higher acidities than those that could be reli- ably measured by the pH electrode. In these cases, a series of the ligand-containing solutions was prepared with the freeproton concentration varying from 0.005 to 1 M and from 0.005 to 2 M range of strong acid (HClO 4 ), respectively. The spectra with a peak maximum at 261.5 ± 0.5 nm were observed at 0.08 ± 0.02 and 0.10 ± 0.03 M concentrations of strong acid at 1.0 and 2.0 M ionic strengths, respectively. The negative logarithms of these values were used to calculate pK a of the ligand under these conditions.
Batch-distribution measurements
The resin batch contacts were performed by gently mixing 3 mL of the appropriately spiked nitric acid solution with nominally 30 mg of the 1c-resin for at least 24 h. Each isotope was measured independently. The solutions were agitated with a J-KEM BTS 3000 oscillating mixer (St. Louis, Missouri) equipped with a thermostated aluminum block. The aluminum block was drilled with holes suitable for holding the 20-mL high-density polyethylene vials used in the experiments, and it was controlled to 25 ± 1
• C. Selected kinetic experiments confirmed that 24 h was sufficient time to attain equilibrium under these conditions. Aliquots (0.1 mL) of each solution were taken before and after equilibration for liquid scintillation counting. For the samples taken after equilibration, the mixtures were centrifuged for 20 min, and the clarified liquid phase was sampled. Each aliquot was dissolved in 5 mL of Ultima Gold XR liquid scintillation cocktail (Packard BioScience, Meriden, Connecticut). The relative alpha activity of the samples was determined by liquid scintillation counting using a Packard Tri-Carb ® 2260XL. In the case of Eu-155, the relative gamma activity was determined using a Packard Cobra II automatic gamma counter equipped with a NaI(Tl) detector. The batch-sorption coefficients (K d ) were calculated based on the assumption that 100% mass balance was sustained according to Eq. (1):
where V is the volume of solution, m is the mass of resin used, and A i and A f are the initial and final activity of the radionuclide in the solution, respectively. Selected points were performed in duplicate to assess the reproducibility of the results. The relative percent difference between the mean and the standard deviation typically was 2% and reached 38% for the very high K d values. Three different experimental protocols were used keeping the amount of 1c-resin used in every single batch contact the same (30 mg) throughout all experiments. To evaluate the effect of nitric acid on sorption efficiency, 3 mL of nitric acid solution was used with a variable 0.1 to 8 M concentration containing 1.
In the loading experiments to investigate the effect of the metalto-ligand molar ratio on sorption, the aqueous HNO 3 concentration was kept constant at 0.3 M, and the concentration of metal ion varied in the following ranges:
In addition, the effect of the metal-to-ligand molar ratio on Pu(IV) sorption was studied using aqueous 1 M HNO 3 
UV-vis measurements
UV-vis spectrophotometric measurements of the actinide stock solutions were made on a 400-series charge-coupled device array spectrophotometer (Spectral Instruments Inc.) with a 200-to 950-nm scanning range. The solutions were held in PLASTIBRAND (1-cm cuvettes. For spectrophometric measurements of the sorbent materials, a 400 series dual-source reflectance probe from SI Photonics was coupled with an LS-1 tungsten halogen light source and an USB2000-VIS-NIR spectrophotometer (both from Ocean Optics).
UV-vis measurements of the loaded resin samples
Weighed samples of 1c-resin (about 0.05 gm) were contacted with 3 mL of
−4 M Pu(VI) in 1 M HNO 3 at room temperature. After 20 h of equilibration, the aqueous phase was removed, and loaded sorbent was washed with the HNO 3 solution of corresponding concentration. Metal-free 1c-resin equilibrated with 0.1, 0.2, or 1 M HNO 3 was used to acquire reference spectra.
Determination of 1a: actinide binding constants
All actinides initially available as stock solutions in HNO 3 were converted to the desired valence state as described above, and their concentrations were determined by spectrophotometry. Solution portions of known volume and concentration were vacuum dried at room temperature to remove water and free nitric acid. In each series with reduction-oxidation (REDOX)-sensitive actinides, one of the dried samples was used as a control by dissolving it in 1 M HNO 3 , for instance 0.1 M for Np(V), to make sure that eliminating aqueous solvent and acidity does not induce polymerization and a change of oxidation state (oxidation or disproportionation). A series of solutions containing ligand 1a in CH 3 OH/CCl 4 at 1 : 1 volume ratio was used to dissolve the actinide nitrates and to obtain a spectrophotometric titration set with C L /C M variation from 0 to ∼ 10 to 15, where C L and C M are the molar concentrations of ligand 1a and actinide ion, respectively. The SQUAD computer code [27] was used to process the spectral data sets to refine formation constants and calculate the spectra of individual complexes.
Results and discussion
Protonation of the Kläui ligand 1a
The Kläui ligand can be described as an organic acid that is usually synthetically obtained in the form of sodium salt NaL (Scheme 2). Upon contact with an acidic aqueous solution, the sodium salt of the ligand can dissociate and be protonated according to the equilibrium Eq. (2).
where HL represents the protonated Kläui ligand. This implies that in solution, the coordination of a metal ion to the Kläui ligand is pH dependent, and knowledge of the Kläui ligand pH behavior is essential for understanding and predicting its interaction with metal ions of interest, such as the actinide ions. A series of experiments was conducted to study protonation properties of the methyl derivative of Kläui ligand 1a in aqueous solution using UV-vis spectrophotometry. Perchloric acid and sodium perchlorate were used to adjust the pH of the 1a solution before the titration and to maintain a constant ionic strength. In comparison with other electrolyte solutions, e.g., nitrate, the perchlorate medium possesses favorable optical properties extending the accessible spectral window down to 220 nm. In a typical pH titration experiment, the acidity of the 1a Kläui ligand solution was gradually reduced by adding small increments of sodium acetate solution. The pH was measured after each addition, along with acquisition of the UV-vis spectrum.
The protonation equilibrium of 1a was studied over a range of ionic strength from 1 to 6 M. The spectral data from a representative titration experiment at ionic strength of 5 M (H/NaClO 4 ) are shown in Fig. 1 . The absorbance bands of the protonated ligand with the peak maxima at 257 and 345 nm undergo a gradual red shift upon increasing pH; the fully deprotonated ligand L − has the corresponding peak positions at 266 and 355 nm, respectively.
As mentioned in Sect. 2, the red-shifted peak intensity progressively declined with increasing pH, which made it impossible to rigorously analyze the 1a protonation data. Therefore, the pK a values reported here should be viewed as estimates. The estimated pK a values for 1a as a function of solution ionic strength are shown in the inset in Fig. 1 . At an ionic strength of 1 and 2 M, ligand 1a behaves as a strong acid with a pK a value around 1. As the ionic strength increases from 1 to 6 M, the pK a value increases by two units, indicating that acid properties of 1a are about 100 times weaker at ionic strength of 6 M than at ionic strength of 1 M. This is an unusually wide span in the proton affinity of 1a, depending on the ionic strength. For comparison, simple mono-protic acids like acetic acid and hydrofluoric acid exhibit 10 to 20 times lower pK a difference when ionic strength is increased from 2 to 6 M NaClO 4 [28] . This apparently unique property of the Kläui ligand deserves further investigation.
Batch-distribution studies
The effect of aqueous nitric acid concentration on the sorption affinity of the 1c-resin toward tri-, tetra-, penta-, and hexa-valent actinides and Eu(III) was investigated (Fig. 2) . The logarithmic plots of the measured distribution ratio K d values for each metal ion versus activity of the nitric acid were constructed to evaluate the sorption mechanism by slope analysis. To calculate HNO 3 activity values based on the known molar concentration, stoichiometric activity coefficients were used [29] . Control experiments were performed for each metal ion under identical conditions using Amberlite XAD-7HP resin containing no ligand. Negligible metal ion sorption was observed in all control experiments, indicating that the metal ion sorption in 0.1 to 9 M HNO 3 is attributed to metal complexation by ligand 1c. The sorption profiles obtained using the 1c-resin were highly dependent upon the oxidation state of the actinide ion.
Sorption of trivalent ions
Americium(III) and Eu(III) exhibited nearly identical sorption behavior (Fig. 2a) 
Further support for this mechanism is provided by the observation that the K d values for Eu(III) were essentially in- The same ion exchange mechanism for Am(III) transport into an isooctane extraction phase has been previously demonstrated using di-2-ethylhexylphosphoric acid extractant [30, 31] . However, the formation of a trivalent f -block metal ion complex containing three Kläui ligands in the primary coordination sphere is not feasible, and only 1 : 1 or 1 : 2 Am(III) : Kläui ligand complexes were identified in our homogenous titration experiments (see Sect. 3) in agreement with the previous literature report [24] . Therefore, it can speculatively be suggested that M(III) directly coordinates to the phosphate oxygen donor atoms of one or two Kläui ligands while the remaining one or two satisfy the charge neutralization requirements (in the outer coordination sphere). Further work will be required to probe the molecular structure of the Am and Eu complexes sorbed on the 1c-resin.
The dependence of the Pu(III) sorption on aqueous nitric acid concentration was studied in two parallel experiments. In one sorption experiment, the aqueous phases contained only Pu(III) in HNO 3 of variable concentration. In the other experiment, the aqueous phase additionally contained 0.02 M hydrazine nitrate to suppress the possible oxidation of Pu(III). The sorption of Pu(III) was found to be identical in both experiments. Plutonium(III) exhibited drastically different sorption behavior than Am(III). The sorption of Pu(III) was found to be significantly greater than that of other trivalent metals and almost identical to that of Pu(IV) (Fig. 2) . The K d values for Pu(III) and Pu(IV) overlapped in the entire nitric acid concentration range. The K d values for Pu(III) decreased proportionally to proton concentration in the HNO 3 
was found for Pu(IV) as described below. These observations suggested that Pu(III) sorption was accompanied by its oxidation, so that Pu(IV) was deposited on the resin. To confirm this conclusion, 1c-resin samples equilibrated with two Pu(III) solutions in 0.4 and 5 M HNO 3 were subjected to UV-vis measurements using a diffuse reflectance probe. The observed spectral features indicated the presence of only Pu(IV) on the resin; no spectral bands characteristic for Pu(III) were found. Presumably, the much stronger preference of the ligand 1c for the tetravalent actinides lowers the energy barrier of this REDOX process and thermodynamically drives Pu(IV) sorption.
Sorption of tetravalent actinide ions
The 1c-resin exhibited the strongest affinity for the tetravalent actinides (Fig. 2b) . At 1 M HNO 3 , the separation factors for Pu(IV) over Am(III) and U(VI) were observed to be about 600 and 25, respectively. The affinity of the 1c-resin for Np(IV) was found to be exceptionally high and exceeded that for Pu(IV). However, it was not possible to quantify this trend under the experimental conditions used. Due to nearly quantitative Np(IV) sorption, we had to employ a high initial aqueous concentration of Np(IV) to reliably measure its K d values using liquid scintillation counting. In the batch-contact experiments, the initial aqueous concentration of Np(IV) (7.8 × 10 −5 M) was greater than that of Pu(IV) (2.1 × 10 −5 M) in the parallel experiments, resulting in 5 times greater loading of the 1c-resin with Np(IV). The ligand loading with Np(IV) was about 55% throughout the entire HNO 3 concentration range. Based on the trend of de- creasing K d with increasing loading (vide infra), it can be expected that under identical loading conditions, the differences between Np(IV) and Pu(IV) sorption would be even greater.
It was of interest to characterize the sorbed species of Np(IV) and Pu(IV) directly on the resin using diffuse reflectance spectroscopy. The Np(IV) spectral signatures in solution (0.2 M HNO 3 ) and on the 1c-resin at the same acidity are shown in Fig. 3 as spectral traces 3-i and 3 -ii, respectively. The respective data for Pu(IV) are presented in Fig. 4 as spectral traces 4-i (solution of 1 M HNO 3 ) and 4-ii (the sorbed species on the resin). In both cases, the 1c-resin uptake induced significant spectral changes in the spectra of the tetravalent actinides with splitting and red shifting of major absorbance bands of these cations. The spectra of Np(IV) and Pu(IV) on the 1c-resin with the spectral signatures of Np(V and VI) and of Pu(VI) are compared in Figs. 3 and 4 , respectively. The spectra of Np and Pu loaded onto the resin from the tetravalent state retain the major features of the tetravalent ions (but with the bands split and/or red shifted), with no indication of oxidation to either Np(V) or Pu(VI). For example, immediately after loading Pu on the resin from the +6 oxidation state, the Pu(VI) band at 831 nm is red shifted to 844 nm (vide infra); there is no indication of this feature in the spectrum of the resin when Pu is loaded from the +4 oxidation state. So, it appears that there is no perturbation of the initial +4 oxidation state of these metal ions as result of their uptake by the resin.
A complete explanation for the sorption behavior of tetravalent actinides cannot be offered at this time. However, several trends can reasonably be explained. A nearly linear decrease in K d values for Pu(IV) and Np(IV) with increasing HNO 3 activity from 0.2 to 2.0 M was observed (Fig. 2) . 2+ , and the corresponding equilibria can be described by Eqs. (4) and (5) [32] .
Thus, at low nitric acid concentration, the sorption mechanism proposed for tetravalent actinides can be described by Eqs. (6) and (7).
At 2 to 5 M nitric acid, the observed K d values for Pu(IV) and Np(IV) level off, indicating that the sorption mechanism has changed. This behavior can likely be attributed to two factors. At elevated nitric acid concentrations, Pu(IV) coordinates additional nitrate anions and its speciation changes as described by Eq. (8) .
The trinitrato Pu(IV) complex [Pu(NO 3 ) 3 ] + constitutes only a minor fraction of the overall Pu(IV) speciation in aqueous nitric solution [33] . The second factor contributing to the change of the M(IV) sorption mechanism at a nitric acid concentration greater than 2 is associated with the unusual Kläui ligand protonation behavior, which features pronounced dependence on the solution ionic strength as described in Sect. 1. As the ionic strength increases from 2 to 6 M, the pK a value of the Kläui ligand increases by two units (inset to Fig. 1 ). This results in gradually enhanced proton competition and promotion of an ion-pair sorption mechanism favorable under high acid/nitrate conditions (Eq. (9))
The sorption mechanism described by Eq. (9) 
When sorption is governed by the ion-pair mechanism (Eq. (9) 2− in accord with the following equilibrium:
The fraction of [Pu(NO 3 ) 6 ] 2− in solution increases from 5 to 90% of the total Pu(IV) amount between 5 and 10 M HNO 3 [34] . The hexanitrato complex is negatively charged and is not expected to interact directly with the Kläui ligand, lowering the effective Pu(IV) sorption at HNO 3 concentrations greater than 5 M. In should be noted, however, that the K d values for Pu(IV) are still very high, even at these elevated HNO 3 concentrations, indicating that the binding strength of ligand 1c is sufficient to displace nitrate ions from the [Pu(NO 3 ) 6 ] 2− complex. The comparable trends in the sorption behavior of Np(IV) suggest that the sorption mechanism for this ion is analogous to that for Pu(IV).
Sorption of pentavalent neptunium
The sorption behavior of Np(V) as a function of nitric acid concentration was found to be drastically different than that of actinides in other oxidation states. The K d values for Np(V) exhibited little change at low HNO 3 concentrations and then nearly linearly increased at HNO 3 concentrations greater than 0.5 M. A similar increase in the Np(V) distribution coefficient has been reported for the extraction of Np(V) with 0.5 M HDEHP in isooctane, but this increase begins at a higher nitric acid concentration (above 1 M HNO 3 ) [25] . The disproportionation of Np(V) into Np(IV) and Np(VI) should be considered when interpreting these results. The disproportionation reaction is expressed by Eq. (12).
The rate of this disproportionation reaction has been demonstrated to be proportional to the square of the proton concentration [35] . As a result, the Np(V) disproportionation is facilitated by increasing the acid concentration. For perchloric acid, it has been shown that Np(V) dominates between 0.1 and 2 M HClO 4 [36] . Above 2 M HClO 4 , the disproportionation of Np(V) becomes significant. For 5.5 M HNO 3 and 5.5 M HClO 4 , the equilibrium constants for Eq. (12) have been determined to be 2.55 and 0.02, respectively [37] . The greater equilibrium constant in HNO 3 was attributed to the stronger complexation of the nitrate anion to the Np(IV) ion. In our experiments, ligand 1c demonstrated especially strong affinity to Np(IV) and presumably further shifted the equilibrium in Eq. (12) toward the right even at low nitric acid concentrations. Indeed, examining the sorption curve (Fig. 2b) indicates that the sorption of Np(V) might be considered only in the dilute HNO 3 , up to 0.5 M. At higher acid concentrations in the presence of the 1c-resin, the rate of the disproportionation reaction gradually increased, leading to the preferential sorption of Np(IV) and progressively high K d values. These results agree with the Np(V) disproportionation previously observed in the extraction experiments of Np(V) by di-isodecyl phosphoric acid into n-dodecane diluent [38] ; analysis of the oxidation state of the neptunium product in the extraction phase obtained by the contact with aqueous Np(V) solution in 0.5 M HNO 3 indicated that the ratio of Np(IV) to the total neptunium in the extraction phase was 46%. Furthermore, no Np(V) was found in the extraction phase, suggesting that the remaining 54% was Np(VI) [38] . Spectrophotometric measurements of the Np-loaded 1c-resin were conducted to validate the postulated sorption of Np(IV) from the Np(V)-containing aqueous phase. The UV-vis spectrum of the 1c-resin contacted with Np(V) at 0.2 M HNO 3 contained no spectral features characteristic of Np(V) or Np(VI), but rather was very similar to the spectrum of the Np(IV)-loaded 1c-resin with a band maximum at 978 nm (compare spectral traces 3-iv and 3-v in Fig. 3 with spectrum 3-ii of Np(IV) on the resin and with spectra of Np(V) and Np(VI) in solution (spectral traces 3-iii and 3-vi, respectively)). The absence of Np(VI) on the resin was explained by its complete conversion to Np(IV) upon sorption (see below).
Sorption of hexavalent actinide ions
Neptunium(VI), Pu(VI), and U(VI) exhibited relatively low sorption in the entire nitric acid concentration range (Fig. 2c) . The effect of HNO 3 concentration on Np(VI) and Pu(VI) sorption was minimal, and only slight increases in the K d values were observed with increasing HNO 3 activity. The K d values for U(VI) declined nearly linearly as nitric acid activity increased, with a slope of −0.74 ± 0.05. The value of this slope cannot be explained just by an ion exchange mechanism, which would result in the slope of −2 according to Eq. (13).
It is likely that mixed ion exchange and ion-pair sorption mechanisms are involved. A low sorption of the hexavalent actinides at high acid concentrations in particular can be expected because of their expected weak affinity to the 1c ligand, presumably due to the preference of the linear trans-dioxo ions for pentagonal or hexagonal coordination in the equatorial plane, which is not complementary with the tripodal Kläui ligand. So it was surprising finding that the sorption of Np(VI) and Pu(VI) slightly increased with acid concentration. The spectrophotometric measurements of the 1c-resin contacted for 24 h with Np(VI) solution in 0.2 M HNO 3 indicated the presence (co-existence) of Np(VI), Np(V), and Np(IV) on the resin immediately after separating the resin from the aqueous phase. A weak and broad band at ∼ 580 nm (Fig. 3 , spectral trace 3-vii) suggests the presence of the complexed form of Np(VI). Information on speciation of Np(V) can be obtained observing its characteristic absorbance band, which typically appears at 981 nm in nitric acid solution (Fig. 3, spectral trace 3-iii) . No shift of this band was observed for Np(V) on the 1c-resin. This indicates that Np(V) is not complexed by the Kläui ligand; rather, it remains in the resin pores as the NpO 2 + cation after its gradual accumulation via reduction of the complexed form of Np(VI). At the same time, the characteristic spectral signature of Np(IV) in the 680-to 800-nm range indicates a significant presence of the complexed Np(IV) in the same resin sample. Several days later, the Np(VI) had disappeared, and spectral bands increased because of Np(V) and Np(IV) (Fig. 3, spectral trace 3-viii) .
Pu(VI) sorbed on the 1c-resin exhibited behavior similar to that of Np(VI) in terms of its limited lifetime on the resin and gradual reduction. But unlike Np(VI), Pu(VI) reduction progressed directly to Pu(IV) rather than to the pentavalent state [alternatively, the pentavalent Pu (λ max = 569 nm) was very short lived and was not detected]. The absorbance band at the 831-nm band, which is characteristic for Pu(VI) in nitric acid solution (Fig. 4, spectrum iii) , exhibited a significant shift to 844 nm upon Pu(VI) sorption on the 1c-resin (Fig. 4 , spectrum 4-iv) as result of its complexation by the Kläui ligand. Note that this spectrum, taken after the overnight equilibration with the resin, already showed a measurable presence of Pu(IV) on the resin beads (compare spectra 4-ii and 4-iv in Fig. 4 ). With time, Pu(VI) was gradually reduced to the complexed form of Pu(IV). After 12 days, this reduction was completed as no band of Pu(VI) at 844 nm could be seen in the spectrum 4-v taken 12 days after the first spectral scan while the Pu(IV) spectral signature became more intense.
Selectivity investigation
The relative selectivity of the 1c-resin for the actinide ions changes with the aqueous HNO 3 concentration and the ligand loading. To eliminate the effect of varying HNO 3 , the K d values for various actinides and Eu(III) were determined as a function of initial metal ion concentration at a constant HNO 3 concentration of 0.3 M. Fig. 5 presents the results of these measurements on the basis of the total metal-to-ligand molar ratio. Increasing the metal-to-ligand molar ratio results in an increase of ligand loading and a concomitant drop in the K d values. The data generated in this way present a true indication of the selectivity of ligand 1c for the actinide ions and Eu(III) in 0.3 M HNO 3 .
The results of these measurements confirmed the previously observed high affinity of the Kläui ligands for tetravalent actinide ions. At a low metal-to-ligand ratio, where the ligand loading is low (7%), the separation factors for Pu(IV) over Eu(III), Np(V), Pu(VI), and U(VI) were found to be 750, 800, 1000, and 270, respectively. At these specific conditions, the relative affinity of the resin for the ions investigated followed the order tetravalent hexavalent > trivalent > pentavalent. The large difference in the affinity of the resin with the Kläui ligand for tetravalent actinides compared to hexavalent actinides is unusual for ligands with the P=O donor moiety. Indeed, the trend is usually reversed with U(VI) being sorbed or extracted more strongly than Pu(IV). For example, the U(VI) K d values for sorption onto the Diphonix ® resin, which contains diphosphonic acid groups, are greater than those for Pu(IV) up to 1 M HNO 3 ; at higher HNO 3 concentrations, the U(VI) and Pu(IV) K d values are nearly the same for the Diphonix ® resin [39] . Similarly, TBP extracts U(VI) more strongly than Pu(IV) from nitric acid solutions [3] . The relatively lower affinity of the Kläui ligand for hexavalent actinides is most probably due to steric constraints imposed by the tripodal ligand complexing in the equatorial plane of the linear dioxo cation (i.e., the third binding group is sterically constrained by one of the axial oxygen atoms).
The effect of ligand loading was the most pronounced for Pu(IV); the corresponding K d values decreased 1.5 ordersof-magnitude when the metal-to-ligand ratio increased from 0.05 to 0.35. The further increase in the metal-to-ligand ratio to 0.65 caused an additional decrease of the K d values for Pu(IV) by two orders-of-magnitude. The least pronounced effect of ligand loading was observed for Eu(III); the cor- responding K d values decreased only 1 order-of-magnitude when the metal-to-ligand ratio increased from 0.02 to 0.47. Based on the similar behavior of Am(III) and Eu(III) seen in Fig. 2 , it can be expected that the loading effects for Am(III) would be similar to that for Eu(III).
For Pu(IV), the loading experiment was additionally performed at 1 M HNO 3 . The sorption behavior of Pu(IV) at 0.3 and 1 M HNO 3 was found to be drastically different (Fig. 5) . Interestingly, no dependence of the corresponding K d values on the ligand loading was observed until the metal-to-ligand ratio reached 0.5.
Actinide binding by Kläui ligand 1a in homogeneous MeOH/CCl 4 solution
Binding affinities of the methyl-substituted Kläui ligand 1a toward actinide metal cations in oxidation states from +3 to +6 were determined. These experiments were conducted in a non-aqueous medium (a 50 vol. % mixture of methanol and carbon tetrachloride) to overcome the insolubility of the ligand and its complexes with actinides in aqueous solution.
The purpose of this study was to understand to what extent the binding affinities of An(III, IV, V, and VI) determined in a homogeneous system could be used to predict uptake efficiencies of the respective metals in batch sorption experiments and explain the observed selectivity of the extraction chromatography 1c-resin. It is understood that a rigorous correlation between the resin sorption data and the singlephase binding constants could not be achieved under these conditions because of the organic nature of the applied solvent as well as acid dependence of the K d values (especially for the trivalent actinides). The stepwise formation constants are given by Eq. (14)
Table 1 summarizes the shifts of the actinide spectral bands observed during the titration experiments, as well as the resulting complex formation constants and molar absorptivities of the absorption maxima for each species as determined by the SQUAD computer fitting [27] . Complex species with 1 : 1 and 1 : 2 stoichiometry were identified for Am(III), Pu(IV), and Pu(VI). Upon increasing the 1a-to-Am ratio, the Am(III) 811-nm band gradually shifted to 823 nm because of the formation of the 1 : 1 Am(III) · 1a complex, and then to 830 nm because of the formation of the 1 : 2 Am(III) · 1a 2 complex. The Pu(IV) 633-nm band shifted to 677 nm upon formation of the 1 : 1 Pu(IV) · 1a complex, followed by its splitting into 655-and 676-nm bands upon formation of the 1 : 2 Pu(IV) · 1a 2 complex. This result is in excellent agreement with the spectroscopic measurements of the Pu(IV) sorbed on 1c-resin (Fig. 4-ii) , which indicated splitting of the Pu(IV) band observed in nitric acid solution at 652 nm into two bands at 650 and 655 nm upon its sorption onto 1c-resin. This also supports the proposed Pu(IV) sorption mechanism expressed by Eqs. (6) and (7) .
During the homogeneous titration experiment, the Pu(VI) 820 and 843 bands merged into one band positioned at 851 nm for the 1 : 1 Pu(VI) · 1a complex and at 843 for the 1 : 2 Pu(VI) · 1a 2 complex. This result is also agrees with the spectroscopic measurements of Pu(VI) sorbed on the 1c-resin (Fig. 4-iv) , in which a major Pu(VI) absorbance band at 845 nm was observed immediately after resin equilibration with the Pu(VI) nitric acid solution. The band position of Pu(VI) sorbed on 1c-resin matches the spectral signature of the Pu(VI) · 1a 2 complex in the CH 3 OH/CCl 4 solution.
During the Np(V) titration experiment, the 978-nm absorbance band blue shifted to 975 nm and was accompanied by a large change of its molar absorptivity. This observed blue shift is highly uncharacteristic for Np(V) complex formation. Red shifts of the Np(V) band are typically observed for complexation by hard oxygen donor ligands, such as aminopolycarboxylates and phosphate ion [40] [41] [42] . In the sorption experiments, Np(V) in the starting solution was reduced to Np(IV) upon its sorption on 1c-resin, which is evident from spectroscopic data reported in Fig. 3 (see related discussion above). As a result, a blue shift of the 982-nm Np(V) band in nitric acid solution to a 978-nm Np(IV) band on the resin was observed. Thus, it can be concluded that during the homogeneous titration experiment, Np(V) was reduced to Np(IV), which is consistent with its behavior in the sorption experiments. For this reason, the binding constants for 1a:Np(V) complexes could not be determined.
The obtained formation constants (Table 1) indicate the binding selectivity of 1a ligand to be as follows: Pu(IV) > Am(III) > Pu(VI). This selectivity order qualitatively correlates with the K d data obtained for the 1c-resin, which displayed the greatest affinity for the tetravalent Pu and least for the hexavalent Pu at 0.3 M HNO 3 at low ligand loading.
Conclusion
In this work, we have assessed the relative affinity of a Kläui ligand containing a tripodal phosphonate binding moiety for the actinide ions in the +3 through +6 oxidation states. The relative affinity was assessed by measuring batchdistribution coefficients for sorption of the actinide ions from nitric acid solutions using a resin formed by physically sorbing the ligand onto an inert resin support. We had previously hypothesized [23, 24] that the Kläui ligands would have relatively low affinity for uranyl ion because of the steric mismatch between the tripodal ligand and the linear UO 2 2+ ion. The data reported here support this hypothesis in that the affinity of the 1c-resin for U(VI) is much less than for Pu(IV) and Np(IV).
The sorption behaviors of Pu(III), Np(V), Np(VI), and Pu(VI) were complicated by REDOX reactions that occurred over the course of the sorption measurements. In all cases, the REDOX behavior appeared to be driven by the propensity to form the very strong complex between the 1c ligand and the tetravalent actinide ion. A novel use of diffuse reflectance spectroscopy was used to characterize the Pu and Np oxidation states directly on the loaded resins.
